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Diffraction of x-rays in conditions of total external
reflection (DXTER) is a powerful new method of inves-
tigating the structures of the surfaces of crystal layers.
The fundamental idea of this method was suggested by
Marra et al.,! a theory for perfect crystals was developed
by Afanas'ev and Melkonyan,? and an experimental scheme
was realized by Imamov et al.3

In the DXTER method, the incident x-ray beam, on the
one hand, satisfies the Laue diffraction condition for
planes perpendicular to the surface of the crystal, and,
on the other, makes a small angle &, with the surface and
undergoes total external reflection. The diffracted wave
is propagated in the crystal at a small angle to the sur-
face and also undergoes total external reflection: A
specularly reflected diffracted wave emerges from the
crystal at a small angle &y, making an angle 2 6g with
the usual specularly reflected wave (Fig. 1).

In this article we give a theoretical analysis of the
relations between the amplitudes of the wave fields in a
crystal during DXTER, and also investigate the depth of
penetration of the radiation into the crystal in relation
to the angle of incidence &, when the exact Bragg condi-
tion is satisfied [@ = 0; @ = —2sin(260p)(6 — 6p) is the
standard parameter of deviation from the Bragg condi-
tion in the dynamic theory] and in relation to « for fixed
&, For simplicity we considered only ¢ polarization.
Afanas'ev and Melkonyan' showed that the angle &, is
determined not only by the angle of incidence but also by
the deviation from the Bragg condition; in fact, the follow-
ing relation holds:

2= 0o*—0. (1)

Relation (1) enables us to represent the intensity of the
reflected diffracted wave as a functionof the angle of emer-
gence — this is much simpler from the experimental
point of view.3 In this article, the dependence on « is

FIG. 1. Diffraction of x-rays in conditions of total external reflection.
Vertical lines represent reflecting planes,
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therefore considered in the same way as the dependence
on &p.

An analysis of the amplitudes of the wave fields and
their depths of penetration makes it possible to deter-
mine at what values of &, and &} the intensity of the re-
flected diffracted wave is most sensitive to disturbances
in thin surface layers.

In DXTER, two wave fields are excited in the crys-
tal,? each of which consists of transmitted D, and dif-
fracted Dp waves. The depth of penetration of the fields
is determined (for each of the fields the transmitted and
diffracted waves have the same depth of penetration) by
means of the expression
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Here g Xpn» and X, are the corresponding Fourier com-
ponents of the polarizability tensor, and A is the wave-
length of the incident radiation.

We see that when o = 0 there are two characteristic
angles of incidence associated with vanishing of uj (in the
absence of absorption), &; = (| xo— xh[)1/2 and &, =
(| xo + Xh' )1/2; &4 corresponds to the critical angle of
total external reflection for the first wave field, and &,
for the second. In the case of scattering without diffrac-
tion (x = 0), there is one critical angle of total external
reflection, &, = (| xol)i/z, where &, < ®or < &,. The ap-
pearance of two critical angles isunderstandable from the
physical point of view: The field for which the Bormann
effect is realized corresponds to a small effective am-
plitude of interaction with the atoms of the substance, and
thus a smaller critical angle; for the second field, on the
other hand, there is strong interaction and thus a greater
critical angle. The possibility of appearance of two crit-
ical angles for diffraction scattering was mentioned by
Baryshevskii.! As an example, Fig. 2a plots the depths
of penetration of both fields vs the angle of incidence for
a =0, calculated for Si [(220) reflection, Cu Ka radiationl
For comparison we give the angular dependence of the
depth of penetration of radiation into the crystal without
diffraction,
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For the case in question, the critical angles have the fol-
lowing values: &; =8.4', &, =13.3', &, =16.8'. When
&y < p» both fields penetrate the crystal to a short depth
(1, ~100 &, 1, ~ 50 &), and the condition

L,>1>1 4)

is satisfied (Z4 ~ 70 A). Outside the region of total ex-
ternal reflection, the depths of penetration of the fields in-
crease sharply, but condition (4) is preserved For ex-
ample, when &, =20', I; =26 u, I, =6000 A, I, = 2000 &.
Thus we can reckon that DXTER has its greatest sen-
sitivity to thin layers for angles of incidence &, < &,.

To determine the contributions made by the first and
second fields to the intensity of the reflected diffracted
wave If, we analyze the ratio of their intensities at the
surface of the crystal:

) (2)

=|Dx "+ Dn |3
(5)
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The corresponding graph is shown in Fig. 2a. According
to Egs. (3) and (5), in the case @ =0, as the angle of in-
cidence decreases, the intensity ratio tends to the value

[ '(xo+ xn)/(xo~ xn) | S 1. When the angle of incidence
changes from &, to &,, ratio (3) decreases, and when

¢, = &, the intensity of the second field at the surface is
greater than that of the first. The cause of the decrease
in the relative cantribution of the first field to the re-
flected diffracted wave is that when &, > &, the conditions
of total external reflection cease to be satisfied for the
first field, and it passes into the interior of the crystal.
When ¢, > &,, a similar phenomenon occurs for the sec-
ond field, and the field intensity ratio tends to unity. On
the whole we can state that the two fields make com-
parable contributions to the intensity of the reflected dif-
fracted wave over the whole range of angles.

The dependence of the distribution of the wave fields
n a crystal on the parameter ¢ has different forms for
different angles of incidence. Nevertheless we can for-
Mmulate laws which are general toall angles &,. In view of
Telation (1), when o > &} the angle &}, becomes imaginary,
corresponding to the effect of total internal reflection for
the diffracted wave (see Refs. 5 and 6). In this article
We shall consider only the region o« < &%.
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FIG, 2. Depths of penetration of wave fields and ratio of their
intensities vs angle of incidence (a = 0) (a), and deviation from
Bragg condition for & = 8' < @, (b). a) 1) Depth of penetration
of first field; 2) of second field; 3) depth of penetration without
diffraction; 4) ratio of squares of amplitudes of wave fields;

Dgl) 1 |pm)?
o
F) =1To b) 1, 2) The same as in Fig, 2a; 3) deviation
h Dy

of squares of moduli of amplitudes of transmitted waves; 4) of
diffracted waves,

For deviations from the exact Bragg condition to-
ward positive o (¢, — 0), the main role is played by the
first field, but the contributions of both fields to the in-
tensity of the reflected diffracted wave are comparable
(Fig. 2b). The depths of penetration of the first and sec-
ond fields are less than the corresponding values for
a =0 (cf. Figs. 2a~-b). Inthe region a ~ 0 (¢, ~ &), the
first field has maximum depth of penetration; this is an
analogue of the Bormann effect.

For negative values of « (¢ > &), the depth of pen-
etration of the first field is relatively great (I;> 1 u) for
any angles of incidence, but its contribution to the inten-
sity of the reflected diffracted wave decreases (Fig. 2b,
curve 4). Nevertheless, if we do not consider very large
deviations from the exact Bragg condition, the contribu-
tions made by the fields are comparable. Consequently,
to investigate thin surface layers about 10-100 A thick,
we must choose angles of incidence in the range &,< &,
and analyze the variation in the intensity of the reﬂected
diffracted wave for angles of emergence of &} < &,; when
®n > &, the method is sensitive to disturbances in rela-
tively thick layers (about 1000 Ato1l n).

For large deviations from the exact Bragg condition
toward negative « (& > &), only the transmitted wave
Do(z) remains in the crystal, and its depth of penetration
tends to the depth of penetration in the case of nondif-
fractive scattering, while the other waves (D§!), D{?), and
DI{ )) vanish. Thus in the limit there is a transition to the
case without diffraction.
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